Obesity is a global public health problem and attempts to treat this condition using life style with and without pharmacological interventions have not been successful in majority of obese individuals. To date, the most effective treatment for obesity is weight loss surgery. One of the most widely used procedures to treat obesity worldwide, Roux-en-Y gastric bypass surgery (RYGB), has shown to induce diabetes remission in addition to significant and sustainable weight loss. As the number of this procedure performed over the last two decades increased, it has become clear that a subgroup of individuals develop postprandial hypoglycemia several years after surgery. This debilitating late complication of RYGB is often associated with loss of consciousness or seizures, and in severe cases, it is only partially responsive to diet modification or other available therapeutic options. The diagnosis is often a challenge resulting in delays in receiving care in the affected individuals. Although the underlying mechanisms are under current investigations, growing evidence suggest that a combination of exaggerated meal-derived nutrient appearance to systemic circulation and altered islet and gut hormone response after eating have a role in pathogenesis of this condition. The goal of this review is to highlight new perspectives regarding this life-threatening complication of RYGB. The etiology, diagnosis, recommendation on how to distinguish from classic dumping and current available treatment based on literature review will be discussed. In addition, physiologic changes after gastric bypass predisposing to hypoglycemia syndrome will be highlighted.
INTRODUCTION
Over the last few decades, obesity and related comorbidities have become a global public health issue (WHO obesity and overweight fact sheet). 1 The increasing prevalence of obesity has called for development of various therapeutic strategies but given the complex nature of this condition resulting from genetic, epigenetic, physiological, behavioral, socioeconomic and environmental factors, attempts to treat obesity by combination of medical and life style interventions alone have been disappointingly ineffective. 2, 3 Potent physiologic factors act to 'defend' the baseline weight 4, 5 and weight loss medications, particularly those directed toward hypothalamic pathways regulating appetite, may either lack long-term effectiveness or are associated with limiting side effects. 6 An effective approach to sustained weight loss that gained popularity over the last two decades is bariatric surgery. Historically, Roux-en Y procedure, rerouting the gastrointestinal (GI) tract by connecting stomach to the jejunal limb of a Roux-en-Y enterostomy, was performed to treat gastric cancer 7 or inherited disorders of lipid metabolism. 8 A noted 'complication' at the time was sustained weight loss, which was attributed to malabsorption induced by bypassing a large part of small intestine. 7 Eventually, this 'side effect' of surgery for primary GI disease, transitioned to being considered beneficial 'effect' of this procedure for treatment of obesity. Roux-en-Y gastric bypass (RYGB), one of the most commonly performed weight loss procedures worldwide, 9 involves generating a 'bypass' of the upper small intestine and creation of a small stomach pouch (approximately 30 ml in volume) connected directly to the lower small intestine effecting the 'bypass'. This is achieved by dividing the stomach into the small upper pouch and closed large 'remnant'. The lower small intestine is incised with the distal end (Roux limb) then connected to the small stomach pouch effecting an alternative route to the 'bypass'. The other incised end of the upper intestine is then attached to a further lower part of the small intestine allowing for drainage of biliary-pancreatic secretions creating a 'Y limb.
Pertinent to this review, RYGB, not only leads to sustained weight loss but also exhibits metabolic improvements including diabetes resolution 10 that are at least in part independent of weight loss. 11 This weight loss independent effect of RYGB on glucose homeostasis seems to be exaggerated in the subgroup of individuals who develop a late complication of postprandial hypoglycemia after this procedure. 12, 13 The purpose of this review is to summarize the current understanding of the mechanisms of RYGB-related hypoglycemia and available options to treat this complication.
LITERATURE REVIEW METHOD
An electronic literature search was performed using PubMed database for relevant articles published between 1981 and 29 May 2017. The following key search terms were used: 'hypoglycemia' AND 'gastric bypass', 'hypoglycemia' AND 'Roux-en-Y gastric bypass', and 'post gastric bypass hypoglycemia'. Filters were applied to only include English language and human studies. Initial search and review was conducted primarily by the first author (AY), but was subsequently reviewed and discussed with the senior author (MS) for consensus. Initially 197 articles were identified for review. Titles and abstracts of articles were reviewed to determine relevance to the scope and objectives of review. References from bibliographies of selected articles were also reviewed for additional relevant studies, as well as other expert opinions via review articles. Sixty-four articles that were deemed relevant to incidence, definition, diagnosis, pathophysiology and treatment of RYGB-related hypoglycemia based upon the scope of our review were finally included. We also included five abstracts presented at professional research meetings that were relevant to the purpose of our review along with one professional organization's fact sheet on obesity was also included in final review.
HOW MANY PATIENTS DEVELOP HYPOGLYCEMIA AFTER RYGB?
True prevalence of RYGB-related hypoglycemia is unknown and most likely underreported, partly due to lack of consensus in defining and diagnosis of this condition. Moreover, many patients suffering from this condition do not associate their symptoms with RYGB, leading to several years of delay in diagnosis. By the same token, many individuals with post-meal symptoms are labeled as hypoglycemic without having any documented associated low glucose concentrations.
Swedish nationwide cohort study based upon patient registries studied 5040 patients who underwent RYGB surgery between 1986 and 2006 in comparison with age-and sex-matched individual from background population. 14 The investigators reported that compared with the non-surgical reference population those with RYGB had significantly higher risk of hospitalization because of hypoglycemia (hazard ratio: 2.7) or other surrogate-related conditions including confusion, syncope, epilepsy and seizures (hazard ratio: 2.8, 4.9, 3 and 7.3, respectively) based on International Classification of Diseases (ICD) codes or equivalent markers. Overall incidence of hypoglycemia in the cohort of RYGB was relatively low, 0.2% compared with 0.04% in non-surgical controls. Although they had no access to biochemical data-glucose values-during hospitalization or patients' symptomatology before their hospitalization, therefore the results may have underestimated the prevalence of RYGB-related hypoglycemia syndrome.
In another report from a single institution, 15 12 patients out of 3082 individuals who undergone RYGB between 1964 and 2006 sought medical evaluation for having symptomatic hypoglycemia. When these patients were challenged with meal tolerance test, high-carbohydrate ingestion resulted in nadir glucose levels ranging from 1.55 to 3.50 mmol l -1 within 3 h from meal ingestion associated with hypoglycemic symptoms. The authors acknowledged the limitation of this study to comment on prevalence of hypoglycemia given the self-reporting nature of identified affected individuals.
A similar study relying on the self-reported hypoglycemia reviewing The Bariatric Outcomes Longitudinal Database (BOLD), 145 582 post-RYGB patients across the United States found a prevalence of 0.1%. 16 When patients on diabetes medications or insulin before surgery were excluded, hypoglycemic prevalence dropped to 0.01%. The major limitation of the study was selfreporting of hypoglycemia and absence of verification.
A more recent single institution study utilized a review of patient registry for 1206 non-diabetic patients after RYBG for the time period of 2004-2014. 16 Using electronic medical records, study population included those with measured blood sugar o3.33 mmol l -1 regardless of associated symptoms, or any postoperative outpatient or inpatient encounter with a diagnosis of hypoglycemia using international classification of diseases codes or taking medications for treatment of hypoglycemia including glucagon, octreotide, verapamil and diazoxide, occurring at least 1 month after the surgery. Using the above definition, cumulative incidence of hypoglycemia was 2.7 and 13.3% at 1 and 5 years after RYGB. The incidence dropped to 0.1 and 0.7% at 1 and 5 years, respectively, when more stringent criteria for hypoglycemia of glucose o 2.22 mmol l -1 was applied or when emergency room visit or hospitalization for hypoglycemia, or gastric bypass reversal for treatment of hypoglycemia were considered. Nonetheless, interpretation of data was limited by lack of information regarding hypoglycemic symptoms associated with low glucose values and unknown timing of blood glucose measurement in relation to food intake as there was no individual chart review.
DEFINITION OF RYGB-RELATED HYPOGLYCEMIA AND HOW TO DIAGNOSE?
Hypoglycemia, in general, is defined as blood glucose concentration ⩽ 2.8 mmol l -1 associated with symptoms of hypoglycemia that are relieved by carbohydrate ingestion (Whipple's triad). 17 Hypoglycemic symptoms are broad and nonspecific in isolation but they can be categorized into those related to either glucose deprivation of central nervous system (neuroglycopenic) or activation of autonomic nervous system (autonomic). Neuroglycopenic symptoms range in severity from flushing, weakness, fatigue, drowsiness, dizziness, blurred vision to difficulty speaking, confusion, loss of consciousness and seizures. Autonomic symptoms derive from either activated adrenergic function manifested as shakiness, heart pounding and anxiety or from activated cholinergic function characterized by sweating, hunger and paresthesia. 18 Hypoglycemia after RYGB is exclusively postprandial and thus differentiation of this condition from those with asymptomatic low blood glucose or postprandial symptoms suggestive of hypoglycemia but without any associated glucose abnormalities is heavily dependent on using Whipple's triad.
It has been reported that up to 10% of individuals with no previous history of GI surgery (N = 650) develop plasma glucose levels o 2.8 mmol l -1 without any associated symptoms when they are challenged with 100 g of oral glucose. 19 Among the nonoperated patients with suspected postprandial hypoglycemia based on symptoms alone (N = 118), oral glucose ingestion has been shown to elicit low blood glucose levels associated with these symptoms only in~10% of individuals, indicating that symptoms of hypoglycemia in majority of individuals without history of GI surgeries are not associated with low glucose levels. 19 It is quite possible that meal-induced asymptomatic low blood glucose occurs much more frequently after RYGB given that bypassing foregut widens postprandial glucose excursion leading to higher peak, as well as lower nadir glucose levels. [20] [21] [22] In fact, a large group of 36 diabetic and non-diabetic individuals several years after RYGB without any prior history of hypoglycemic symptoms at home developed low glucose levels ⩽ 3.33 mmol l -1 following 100-g oral glucose load without any associated symptoms. 23 Evaluating patients after RYGB during their routine daily life using continuous glucose monitoring system for 5 days also has revealed that up to~70% of patients after RYGB (N = 40) have low glucose, defined by investigators as glucose values o3.05 mmol l -1 . 24 Association of these low glucose levels with symptoms or food intake, however, was not addressed in this study. Although the physiologic significance of asymptomatic postprandial hypoglycemia in the setting of GI surgeries is still unclear, it is likely that it represents the same phenomenon in the background non-operated population, 19 only more likely given the rerouted GI tract. We have, indeed, shown that, beta-cell glucose sensitivity and post-meal insulin response in individuals with asymptomatic low blood glucose (o 3.05 mmol l -1 ) after ingestion of liquid mixed meal are not different from those with normal postprandial glucose levels after RYGB 20 ( Figure 1 ). Adding to the complexity of establishing diagnosis for postprandial hypoglycemia in individuals with previous RYGB is that Post gastric bypass hypoglycemia A Yaqub et al post-meal symptoms after RYGB, collectively called dumping syndrome, are far more frequent than those in individuals without GI surgeries. 25 Dumping symptoms are characterized based on the time of development after eating as early and late symptoms. Early symptoms are predominantly vasomotor (palpitation, flushing, perspiration, hypotension and syncope) and GI symptoms (abdominal pain, diarrhea, borborygmus, bloating and nausea) that are developed within 15 min and late symptoms (palpitation, tremor, perspiration, aggression, fatigue, weakness, confusion, hunger and syncope) develop in 1-3 h after eating when glycemia reaches nadir levels. Therefore, hypoglycemia and late dumping have often been used interchangeably. 25 However, this notion that the late dumping symptoms are primarily caused by glucose abnormalities is unlikely. Maintaining glucose levels above fasting using hyperglycemic clamp failed to prevent early or late dumping symptoms such as vasomotor symptoms, fatigue, or weakness or confusion during meal tolerance studies 26 suggesting largely guilt by association.
To differentiate between symptoms related to post-RYGB hypoglycemia or late dumping, we use the time of onset from surgery, in that dumping usually develops shortly after RYGB when regular meal intake is reinstated, whereas the RYGBrelated hypoglycemia generally manifests beyond the first year after surgery. In a cross-sectional meal study in 65 patients with and without documented hypoglycemia after RYGB, we defined dumping syndrome using Sigstad criteria 27 and differentiated these symptoms from autonomic hypoglycemic symptoms based on Whipple's triad, as well as the time of onset from surgery. We demonstrated that a history of dumping syndrome in this cohort did not increase the likelihood of hypoglycemia during meal studies. 20 Therefore, although dumping and hypoglycemia may share the common underlying mechanism-rapid nutrient passage from stomach pouch to the gut, they manifest different aspects of deregulated gut physiology.
Nonetheless, given the significant overlap between the two conditions, the critical question to be addressed is which of symptoms suggestive of hypoglycemia are more specific for glucose abnormalities.
We have shown that in 65 individuals after RYGB the rate of developing nadir glucose levels o2.8 mmol l -1 during meal tolerance test was similar between those with history of autonomic symptoms suggestive of hypoglycemia and those asymptomatic subjects after RYGB (o 10%), whereas half of patients with prior history of neuroglycopenic symptoms developed postprandial hypoglycemia defined by Whipple's triad. 20 These findings suggest that neuroglycopenic symptoms rather than autonomic are more reliable diagnostic criteria to differentiate post-RYGB hypoglycemia from individuals with nonspecific dumping syndrome. It is not clear what the neurologic consequences of postprandial symptoms are without hypoglycemia in patients with GI surgeries. However, in non-operated individuals with postprandial symptoms with normal glycemia, electroencephalographic evaluation has failed to show any abnormalities; 28 the implication of these findings in the cohort of patients with history of GI surgeries remained to be understood.
Altogether accurate diagnosis of postprandial hypoglycemia particularly in the individuals with RYGB requires documentation of concurrent development of symptoms, predominantly neuroglycopenic, with low blood glucose, which are largely absent at other times when glucose levels are normal. Therefore, a detailed description of medical history, time of onset post-surgery, type of symptoms whether autonomic or neuroglycopenic described by the patient or valid witnesses, relationship to food intake and sleep, as well as any documented glucose levels associated with symptoms are all essential to establish a high index of suspicion for a diagnosis.
For further confirmation, we use liquid mixed meal tolerance test and establish the diagnosis based on Whipple's triad: (1) low blood glucose concentrations ( o2.8 mmol l -1 ); (2) simultaneous neuroglycopenic symptoms and (3) symptomatic relief by carbohydrate ingestion. We do not recommend the use of oral glucose tolerance test because of the higher rates of false-positive especially in those with GI surgeries. Using mixed meal compared with oral glucose has been shown to reduce the incidence of asymptomatic postprandial hypoglycemia in individuals without GI surgeries 19, 28, 29 and to increase the nadir glucose levels and narrowing glucose excursion in those after RYGB, 30 thus meal tolerance seems to be the procedure providing a greater specificity. Continuous glucose monitoring, which has been frequently used in the outpatient setting for the diagnosis of exogenous insulin-induced hypoglycemia, can also provide insight in the pattern of glucose excursion, both the highest and the lowest values, in the post-RYGB hypoglycemic patients. Although, it is worthy to note that the sensitivity of this diagnostic tool to detect hypoglycemia episodes in this cohort is less than that of meal studies. 31 In patients suffering from hypoglycemia starting shortly after surgery (within weeks to months) or those individuals with fasting hypoglycemia, an evaluation to investigate for other causes of hypoglycemia, such as insulinoma, should be undertaken as warranted by the history and nature of the symptoms. 32 Such a work-up may involve 72-h supervised fast and non-invasive diagnostic studies including computed tomography, magnetic resonance imaging and endoscopic ultrasonography. In cases where above-mentioned diagnostic testing does reveal a clear diagnosis, calcium-stimulated selective mesenteric angiography with hepatic venous sampling has been utilized to locate the site of excessive insulin secretion. 33, 34 This is an invasive procedure and not readily available in many medical facilities and requires special expertise in performance and interpretation. 
WHAT CAUSES THIS CONDITION?
Altered systemic appearance of ingested nutrient as a result of bypassing the foregut appears to account for many changes in postprandial glucose homeostasis. After RYGB, meal ingestion leads to a larger glycemic excursion with earlier and higher peak of glucose, as well as lower nadir glucose. 21, 22 Along with altered postprandial glucose pattern, meal-induced insulin response and gut hormone secretion, mainly glucagon-like peptide 1 (GLP-1) is significantly enhanced. 35 Enhanced meal-induced insulin secretion after RYGB has been attributed to rapid nutrient delivery to the gut as a result of anatomical alteration in GI tract, as well as increased insulinotropic gut peptide, GLP-1. In fact, elimination of GLP-1 action by intravenous infusion of a potent GLP-1 receptor (GLP-1r) antagonist, exendin-(9-39), has shown to diminish postmeal insulin release and β-cell glucose sensitivity in RYGB subjects compared with the non-operated controls. 21, 26, 36 Postprandial glycemic effects of RYGB seem to be exaggerated in those who suffer from hypoglycemia; affected individuals have greater glucose appearance to circulation, larger meal-induced insulin and GLP-1 secretion compared with asymptomatic individuals after RYGB 20,37 ( Figure 2) . Therefore, an early hypothesis proposed to explain hypoglycemia after RYGB was that augmented GLP-1-induced insulin secretion lead to hypoglycemia. 12, 37 Using intravenous infusion of exendin-(9-39) during meal or oral glucose tolerance test, we 35 and others 38 have shown that GLP-1r blockade corrects hypoglycemia in affected patients after RYGB by suppressing insulin secretion (Figure 3) .
The difference in GLP-1-stimulated insulin secretion between the hypoglycemic and asymptomatic patients after RYGB is not associated with any changes in GLP-1r expression in pancreatic extracts from the two groups, 34 suggesting that dysregulated gutpancreas activity as a result of increased nutrient passage from stomach pouch to small intestine rather than increased sensitivity of beta-cell to this peptide has a role in altered glucose metabolism in hypoglycemic individuals.
We have also shown that systemic glucose appearance after meal ingestion is greater in patients with the hypoglycemia syndrome compared with asymptomatic individuals 35 ( Figure 3) . Moreover, blocking GLP-1r has been shown to have trivial effect on meal-derived glucose appearance into circulation in patients with post-RYGB hypoglycemia, indicating that multiple factors must concurrently contribute to pathogenesis of this condition.
In non-surgical healthy individuals, induced hypoglycemia leads to reduction in beta-cell secretion along with enhanced α-cell hormonal release. In patients after RYGB β-cell suppression in response to glycemic reduction during hyperinsulinemic hypoglycemic clamp is blunted compared with matched non-surgical controls, suggestive of altered β-cell regulation after RYGB predisposing to relatively hyperinsulinemia during hypoglycemic conditions. 39, 40 Consistent with this finding, patients with RYGBrelated hypoglycemia have larger significant delay in insulin secretory reduction following glycemic fall from the peak to the nadir levels and higher insulin secretion when glucose levels are below fasting levels compared with those without hypoglycemia after RYGB. 35 In addition to changes in β-cell response to hypoglycemia, α-cell regulation is also affected after RYGB. Circulatory glucagon levels after meal ingestion is increased after RYGB compared with non-surgical controls, however, no greater increase in glucagon levels were observed in patients with postprandial hypoglycemia compared with those with normal glycemia 20, 37 (Figure 4a ), suggesting that counter-regulatory glucagon response is potentially impaired. Furthermore, we have shown that α-cell response to hypoglycemia during hyperinsulinemic clamp is reduced in patients after RYGB in general compared with the body mass index-and age-matched nonoperated controls 39, 40 (Figure 4b ). Diminished responses of β-and α cells to hypoglycemia after RYGB could increase the susceptibility to develop hypoglycemia after this procedure.
Other pathogenic factors, such as decreased insulin clearance after meal ingestion 20 (Figure 2 ) or increased non-insulin dependent glucose disposal (glucose effectiveness), measured Post gastric bypass hypoglycemia A Yaqub et al 290 during intravenous glucose infusion 41 have also been proposed to explain development of this condition.
Altogether these findings indicate a multifactorial model of altered glucose metabolism in the subgroup of individuals suffering from RYGB-related hypoglycemia. Considering that widened postprandial glycemic excursion after RYGB spans along a continuum, postprandial hyperinsulinemic hypoglycemia likely represents the extreme phenotype of the otherwise beneficial gastric bypass effect on islet cells and GI function.
WHAT THERAPEUTIC OPTIONS ARE AVAILABLE?
As reviewed, bypassing the foregut results in rapid nutrient transit to the upper intestine underlying the pathogenesis of hypoglycemia. Therefore, an integral part of treatment for the affected individuals is applying either dietary modification or medical/ surgical-based interventions that diminish meal-derived glucose flux into circulation. To date, dietary modification remains to be the foremost part of the management given limited options available for treatment of this condition.
Evidence for the effectiveness of most available therapeutic options is solely based on case reports or case series rather than well-designed trials. Principles of dietary recommendations based on basic principles of normal GI carbohydrate absorption in person without history of GI surgery include decreasing carbohydrates per meal by increasing the number of meal intake to 5-6 per day, avoiding foods with high glycemic index, and adding protein and fat to meals and snacks. Modest effectiveness of carbohydrate restriction on post-RYGB hypoglycemia has been shown by two independent investigators. In the first study, the glycemic effects of isocaloric mixed meals containing high (80 g) vs very low carbohydrate (2 g) were compared on two separate visits in 14 patients with suspected post gastric bypass hypoglycemia based predominantly on clinical symptoms without documented hypoglycemia. 15 High-carbohydrate test meal resulted in a wide glucose excursion with a range of nadir glucose levels from 1.55 to 3.44 mmol l -1
. Nine out of 14 subjects developed glucose 2.8 mmol l -1 with high-carbohydrate meal, whereas glucose levels remained close to basal values after 2 g carbohydrate ingestion. These patients were provided some counseling regarding dietary modification to consume lower carbohydrate containing diet, and they were assessed again in a month using hypoglycemia symptom questionnaire and interview. At the follow-up visit, patients reported variable degree of improvement in symptoms (from no relief to complete resolution), suggesting that the effectiveness of this intervention varies among affected subjects. Patient compliance and practical application of such a very low carbohydrate diet in long-term clinical settings remains to be validated. In the second study, consumption of neither solid mixed meal containing 30 g of carbohydrate nor isocaloric liquid mixed meal containing 28 g of lower-glycemic index carbohydrate elicited hypoglycemia in 14 patients with RYGB-related hypoglycemia regardless of texture of glycemic index of the food. 42 Although hypoglycemic status of affected individuals was not confirmed on a separate study using higher amount of carbohydrate administration investigators concluded that both low and high glycemic index meals with lower amount of carbohydrates were equally preventive against post meal hypoglycemia.
In addition to lowering the total amount of carbohydrate per meal, glucose excursion could be narrowed by manipulation of carbohydrate composition. 43 Substituting non-fructose carbohydrates by fructose during mixed meal study has shown to significantly diminish glycemic excursion and correct hypoglycemia in 10 affected patients after RYGB. 44 Similarly, uncooked starch has been used as part of dietary modification to treat hypoglycemia in these individuals based on findings from studies in non-surgical insulin-induced hypoglycemia in patients with diabetes. 45 Among pharmacological compounds, acarbose, an antidiabetic medication that attenuates glucose excursion, has been used frequently to treat RYGB-related hypoglycemia. Acarbose reduces postprandial glycemic peak and insulin release by inhibiting intestinal brush border enzyme, α-glucosidase 46 responsible for breakdown of starch to glucose. Eight patients with postprandial neuroglycopenic symptoms after RYGB were studied with mixed test meals with and without pre-meal administration of 100 mg of acarbose. 47 Five out of the eight patients developed low glucose levels o 2.8 mmol l -1 during meal tolerance test at baseline. Premeal administration of acarbose increased nadir glucose levels to normal levels in all subjects and lowered maximum to minimum blood glucose ratio. In general, however, effectiveness of acarbose in blocking carbohydrate absorption varies depending on carbohydrate composition with the largest effect on starch and sucrose absorption and minimal or no effect on maltose and glucose absorption. 48 This coupled with frequent GI side effects such as abdominal gas, bloating and diarrhea might limit its acceptance and effectiveness.
Enhanced GLP-1-induced insulin secretion after meal consumption is a major pathogenic factor. Therefore, medical interventions aiming for reduction in insulin secretion have also been explored as a treatment option. Somatostatin analogs, used for conditions such as insulinoma, 49 suppress secretion of multiple hormones involved in glucose metabolism. Therefore, although the inhibitory effects of somatostatin on insulin and GLP-1 are desirable therapeutic effect, suppression of glucagon and growth hormone many not be. In a cross-over 2-week trial of pasireotide vs placebo in nine patients with prior history of dumping, as well as symptomatic low glucose levels o 2.8 mmol l -1 ), 50 pasireotide administration has shown to narrow glucose excursion (lower peak and higher nadir glucose concentrations), reduce insulin secretion and delay gastric pouch emptying. A case report of a patient with hypoglycemia after RYGB described significant decrease in insulin and GLP-1 levels after single dose administration of octreotide before oral glucose ingestion. Although subsequent chronic lanreotide therapy resulted in symptom-free euglycemia for 4 years in this case, administration of single dose octreotide before oral glucose challenge resulted in four-to fivefold increase in glucose levels sustained above basal for duration of the study, 5 h from glucose intake, an unfavorable outcome because of near-complete suppression of insulin response. 51 Also the use of these drugs is limited by GI side effects, such as diarrhea, as well as the cost. The evidence regarding which somatostatin analogs is a better choice given duration of actions, receptor selectivity, or binding affinity is lacking.
Diazoxide, a potent vasodilator that also inhibits insulin secretion by activating ATP-dependent potassium channels in β cells, has been used for treatment of hypoglycemia after RYGB. 52, 53 Administration of diazoxide results in suppression of insulin secretion systematically, therefore, it causes fasting and postprandial hyperglycemia in non-diabetic individuals. 54 Two case reports suggested that administration of diazoxide 100-200 mg daily for a period of 9-16 months can eliminate hypoglycemic symptoms in patients with post gastric bypass hypoglycemia. 52, 53 However, tolerability of this drug is largely limited because of hyperglycemia and edema.
Calcium channel blockers have been sporadically utilized for treatment of insulinoma based on the notion that these drugs diminish insulin release through blocking β-cell voltagedependent calcium channels. 55 The findings from administration of single dose or short-term use of these drugs on insulin secretion have been inconsistent, from mild inhibitory effect on insulin secretion 56, 57 to no effect at all. 58, 59 Nonetheless, verapamil has been used for treatment of post-RYGB hypoglycemia. A case Post gastric bypass hypoglycemia A Yaqub et al report described some reduction in intensity and frequency of self-reported hypoglycemic episodes as a result of administration of verapamil 80 mg twice daily, in a young woman with neuroglycopenic hypoglycemia after RYBG. Although in this particular case, acarbose 50 mg tid had to be added in a month to control hypoglycemia, 60 suggesting the lack of effectiveness of verapamil alone An investigational drug, XOMA 358 (XOMA Corporation, Berkeley, CA, USA), a human monoclonal antibody is under development and in early stages of clinical trials to be tested for the use in postprandial hyperinsulinemic hypoglycemia, as well as other conditions such as congenital hyperinsulinism. 61 This IgG2 monoclonal antibody creates insulin resistance by binding to an allosteric site of insulin receptor and inhibiting its autophosphorylation and signaling via Akt,. A phase 2 study enrolled 12 patients with established diagnosis of post gastric bypass hypoglycemia. Patients were treated with a single IV infusion of XOMA 358, three different doses with 3-5 subjects in each dose cohort. Fasting glucose levels and postprandial glycemia were evaluated using continuous glucose monitoring, as well as plasma glucose measurement after liquid meal ingestion. Administration of this drug resulted in increased postprandial peak and nadir glucose levels with no data reported on the effect of this compound on the extent of glucose excursion after meal ingestion. Also, as expected targeting insulin action systematically by administration of XOMA 358 led to increased fasting glucose levels by 20%. It remains to be determined how much of fasting glucose effects of this drug would be detrimental to overall glucose control after RYGB. Further studies are planned to test long-term repeat dosing interventions. 62 Another therapeutic option under investigation is subcutaneous infusion of glucagon using an automated event-based open loop system similar to what was previously investigated in rescuing insulin-induced hypoglycemia in patients with type 1 diabetes. 63 In a recently reported study, data from glucose levels during meal studies in five patients with postprandial RYGB-related hypoglycemia were collected using a Dexcom CGM device (Dexcom Inc., San Diego, CA, USA) and entered into a hypoglycemic prediction algorithm, which in turn prompted physician glucagon delivery (150 μg Xeris glucagon) using an Omnipod subcutaneous pump device (Insulet Corporation, Billerica, MA, USA). Investigators reported that administration of glucagon using this system prevented hypoglycemia in two of five affected individuals, although there was no control studies to address the day to day variability of glucose response to meal ingestion. Further studies are needed to establish the reliability of the hypoglycemic prediction algorithm used in this setting given a significant intra-individual variability in meal-induced glucose response. 64 The third investigational drug on the horizon is exendin-(9-39) (Eiger Biopharmaceutical, Palo Alto, CA, USA), a 31-amino-acid fragment of exenatide, which is a potent specific competitive antagonist of GLP-1 receptor. This drug was developed based on earlier studies 35, 38 ( Figure 3) showing that intravenous infusion of exendin-(9-39) acutely corrects postprandial hypoglycemia by lowering insulin response with trivial effects on fasting glucose concentrations. Similar favorable glycemic responses, reversal of hypoglycemia and improvement in hypoglycemic symptoms score were reported with the use of subcutaneous exendin-(9-39). 65 Phase 2 clinical trial testing the effect of multi-ascending doses is now underway.
Surgical treatment options have also been considered in patients with life-threatening severe neuroglycopenic hypoglycemia, when adequate nutritional and medical management strategies in combination fail to provide respite. Reversal of gastric bypass with or without sleeve gastrectomy (to mitigate the associated weight regain) has been undertaken for refractory post bypass hypoglycemia but its effectiveness has not been clearly established. An analysis of published case reports and series found resolution of hypoglycemia in 13 out of 17 hypoglycemic patients. However, weight regain was reported in 4 out of 11 patients in whom post-operative weight records were available. 66 The prospect of weight regain with bypass reversal is a significant factor influencing the general acceptability of the procedure by patients. Moreover, bypass reversal procedure is likely to benefit only in those patients who have some improvement of hypoglycemia following placement and feeding through gastrostomy tube in the gastric remnant. 67 Therefore, for patients not amenable to surgical intervention often feeding through gastrostomy tube is utilized as a longer-term therapeutic maneuver for post-RYGB hypoglycemia. 68 A less morbid surgical intervention that has been tried for treatment of hypoglycemia involve placing a silastic ring or adjustable band around the gastric pouch. The proposed mechanism underlying its benefit is related to slowed nutrient delivery from stomach pouch to jejunal limb. Published case reports show resolution of symptoms in 9 out of 10 patients at short follow-up. 69 Long-term outcome is not established and band-related complications may occur.
Partial pancreatectomy was one of the earlier surgical interventional attempts for treatment of refractory neuroglycopenic hypoglycemia following gastric bypass. Although the short-term outcome of this procedure in majority of patients was symptoms relief immediately after surgery, 90% of patients had recurrence in an average of 2 years from surgery. 70 
CONCLUSIONS
Hypoglycemia after gastric bypass is an unusual but serious complication of RYGB. Treatment options have been very limited and dietary modification remains to be the foremost part of the management. However, studies on the pathogenesis, strongly suggesting exaggerated secretion of GLP-1 in response to the altered gut anatomy and resulting changes in nutrient flux, offer the possibility of effective treatment of this condition with GLP-1 inhibitors, as well as any intervention that lower meal-derived nutrient appearance into circulation.
